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ABSTRACT 

A  constitutive  model  for  deformation  of  a  novel  laminated  metal  composite  (LMC) 
which  is  comprised  of  21  alternating  layers  of  A1  5182  alloy  and  A1  6090/SiC/25p  metal  matrix 
composite  (MMC)  has  been  proposed.  The  LMC  as  well  as  the  constituent  or  neat  structures 
have  been  deformed  in  uniaxial  tension  within  a  broad  range  of  strain-rates  (i.e.  10'6  to  10+1  s'1) 
and  moderate  to  high  homologous  temperatures  (i.e.  0.3  >  0.95  Tm).  The  stress  exponent,  n, 
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of  the  A1  5182  layers  increases  from  3  to  5  with  increasing  strain-rate  (i.e.  >10"  s’ ).  The 
MMC  layer's  apparent  n  value  decreases  from  7  to  5  with  increasing  temperature. 
Furthermore,  at  low  strain-rates  (i.e.  <10'3  s'1)  an  apparent  threshold  stress  dominates  the 
MMC's  observed  mechanical  behavior.  The  LMC  structure  exhibits  a  behavior  somewhat 
closer  to  the  MMC  layers.  The  results  of  these  experiments  have  lead  to  a  thorough 
characterization  of  the  neat  layer's  mechanical  behavior  and  a  subsequent  semi-empirical 
constitutive  rate  equation  for  both  the  A1  5182  and  A1  6090/SiC/25p.  These  predictive 
relations  for  the  neat  layers  have  been  coupled  with  a  proposed  model  which  takes  into  account 
the  dynamic  load  sharing  between  the  elastically  stiffer  and  softer  layers  when  loaded  axially 
during  isostrain  deformation  of  the  LMC.  This  deformation  model  has  led  to  the  development 
of  a  constitutive  relationship  between  flow  stress  and  applied  strain-rate  for  the  laminated 
structure  which  has  been  compared  with  experimental  data. 
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INTRODUCTION 


Multi-layer  laminate  metal  composites  (LMCs),  prepared  by  hot  pressing  alternate 
layers  of  the  unreinforced  and  reinforced  component  materials  and  subsequent  hot-rolling,  can 
provide  very  attractive  fracture  toughness,  damping  capacity  and  also  strength  properties  [1]. 
The  influence  of  laminate  architecture  (layer  thickness  and  component  volume  fraction)  as  well 
as  component  material  properties  and  micro  structural  residual  stress  on  toughening 
mechanisms  and  the  resulting  crack  growth  resistance  are  being  actively  studied  [2,  3], 
Interfaces  in  LMCs  were  observed  to  delaminate  during  the  crack  propagation  leading  to 
blunting  [4,  5]  or  deflection  [4,  6]  of  the  crack. 

One  of  the  two  monolithic  (hereafter  referred  to  as  neat )  layer  materials  of  the  LMC 
studied  in  this  work  is  a  discontinuous^  reinforced  aluminum  (DRA)  alloy  composite  (also 
commonly  referred  to  as  metal  matrix  composites  (MMCs))  whereas  the  other  is  a  more 
conventional  solid-solution  strengthened  aluminum  (Al)  alloy.  Such  DRA  composites  are 
typically  reinforced  by  particles,  whiskers  or  short  fibers.  They  merit  attention  because  of 
their  desirable  properties  including  low  density,  high  specific  stiffness,  reduced  coefficient  of 
thermal  expansion  and  increased  fatigue  resistance  [7],  In  many  stiffness-,  strength-,  and 
weight-critical  applications  they  can  offer  higher  performance  than  traditional  aluminum  alloys 
at  potentially  lower  cost  than  organic  matrix  composites  [8],  DRA  composites  fabricated 
using  elevated-temperature  powder  metallurgy  based  Al  alloys  are  also  attractive  candidates 
for  replacing  higher  cost  titanium  alloys  in  some  applications  [7], 

Thus,  the  merit  of  this  work  is  to  characterize  the  mechanical  behavior  of  Al-matrix 
LMCs  as  a  function  of  temperature  and  loading  conditions  and  to  subsequently  generate  a 
micromechanistically  predictive  rate  equation  for  correlating  with  the  observed  experimental 
data. 
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EXPERIMENT 


The  LMC  of  interest  is  comprised  of  21  alternating  diffusion-bonded  A1  layers  of  a  5182  (i.e. 
Al-5Mg,  1 1  layers)  alloy  and  a  6090  Al-Mg-Si  matrix  with  25vol.%  silicon  carbide  particulate 
(i.e.  A1  6090/SiC/25p,  10  layers)  ceramic-reinforced  alloy  as  represented  in  figure  1.  From  this 
figure,  the  average  linear  intercept  grain  size  within  the  Al-5Mg  and  A1  6090/SiC/25p  layers  of 
the  LMC  was  determined  to  be  37.  and  6.  pm,  respectably.  The  chemical  constitution  of  each 
alloy  was  analyzed  by  use  of  a  Cameca  Instruments,  Inc.  SX-50  electron  microprobe  and  is 
reported  in  table  1 .  Both  of  the  neat  alloys  are  commercially  available.  The  Al-5Mg  alloy 
is  a  wrought  product  whereas  the  A1  6090/SiC/25p  (hereafter  MMC)  material  is  produced  by  a 
extruded  powder  metallurgy  process.  As  seen  in  figure  2a  for  the  as-received  (i.e.  prior  to 
lamination)  Al-5Mg  neat  material,  the  actual  grain  size  distribution  is  most  likely  bimodal. 
However,  the  average  linear  intercept  grain  size  was  determined  to  be  28  pm.  For  the 
corresponding  A1  MMC  neat  material  depicted  in  figure  2b,  the  average  linear  intercept  matrix 
grain  size  was  observed  to  be  6.  pm.  Also,  the  typical  SiCp  particulate  diameter  within  the 
previous  matrix  was  7.  pm.  It  should  be  noted  that,  in  general,  the  reinforcement  particulate 
distribution  of  the  as-received  A1  MMC  neat  material  was  relatively  inhomogeneously 
dispersed  when  observed  in  the  long-transverse/short-transverse  plane.  The  contiguous  LMC 
is  produced  by  hot  pressing  at  a  constant  rate  of  deformation  in  an  argon  environment  at 
450°C  (723K)  to  approximately  a  12: 1  reduction.  Further  reduction  is  completed  by  multipass 
hot  rolling  in  air  at  500°C  (773K)  with  intermittent  reheating  to  a  final  overall  reduction  ratio 
of  approximately  15:1.  The  final  sheet  thickness  of  the  LMC  was  approximately  1.2  mm  with 
an  average  layer  thickness  of  62.  pm.  A  final  T6  (i.e.  180°C  (453K)  for  16-18  hours)  heat 
treatment  was  carried  out  on  the  LMC  to  precipitation  strengthen  the  A1  MMC  neat  layers. 
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Uniaxial  specimens  were  electrodischarge  machined  from  the  LMC  sheet  material 
materials  with  the  rolling  direction  corresponding  to  the  specimen's  tensile  axis.  The  uniaxial 
constant  strain-rate  (CSR)  tests  were  conducted  on  a  MTS  model  312.12  100  kN  platform 
with  an  integrated  MTS  458  microprofiler  ram  controller.  The  microprofiler  is 
preprogrammed  prior  to  testing  via  a  personal  computer  interface.  The  custom  data 
acquisition  and  control  software  algorithm  was  designed  to  incrementally  step  up  the  ram 
velocity  during  uniaxial  elongation  to  insure  a  constant  strain-rate  (CSR).  A  high  temperature 
retort  within  a  Research  Incorporated  radiant  heat  furnace  was  specially  designed  to  allow  for 
control  of  a  desired  testing  environment.  The  tensile  specimen  was  cleaned  in  acetone  and 
dried  in  methanol  prior  to  installation  within  the  testing  frame.  The  tests  were  conducted 
within  a  broad  range  of  strain-rates  (i.e.  10"6  to  10+1  s'1)  and  moderate  to  high  homologous 
temperatures  (i.e.  0.3  >  0.95  Tm  where  Tm  is  the  melting  point  temperature)  in  flowing  argon 
(containing  an  average  of  10-15  ppm  02)  at  a  rate  of  170  cc  min'1  and  pressure  of  1.5  psig. 
RESULTS 

Evaluation  of  Constitutive  Lavers 

Optimal  forming  or,  conversely,  creep  resistant  properties  of  the  LMC  can  be  a  priori 
engineered  into  the  desired  structure  provided  a  characterization  of  each  neat  layer’s 
mechanical  properties  has  been  completed.  Moreover,  micromechanistic  modeling  of  the  LMC 
can  be  accomplished  by  use  of  the  proper  constitutive  equations  which  reasonably  predict  the 
deformation  response  of  each  neat  layers  within  an  appropriate  load  sharing  model.  This 
particular  section  will  focus  on  the  critical  evaluation  procedures  and  results  for 
characterization  of  the  neat  layers  while  the  following  subsections  will  concentrate  on 
describing  the  constitutive  equations  for  deformation  of  both  the  neat  and  laminate  material 
systems. 
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A3-5Mg  Neat  Laver  Characterization 


The  Al-5Mg  alloy  shows  two  distinct  stress-strain-rate  regimes  as  shown  in  figure  3. 
At  low  CSRs  (i.e.  10'3  s'1),  a  transition  occurs  from  a  solute-dislocation  interaction  ( i.e . 

viscous  creep)  mechanism  with  a  stress  sensitivity  exponent  of  3  at  the  lower  temperatures  (i.e. 
around  470°C,  0.88  Tm)  to  an  apparent  Newtonian  viscous  rate  controlling  mechanism  at  a 
temperature  much  closer  to  the  melting  point  of  the  matrix  (i.e.  550°C,  0.98  Tm).  The  latter 
mechanism  with  a  stress  sensitivity  value  of  1  can  be  attributed  to  either  diffusional  creep  [9- 
11],  Harper-Dorn  (HD)  creep  [12-14]  or  a  recently  discussed  deformation  phenomena  of  a 
Newtonian  viscous  interphase  at  the  grain  boundaries  by  Baudelet  et  al.  [15,  16].  Further 
study  will  be  required  to  positively  isolate  and  determine  the  rate  controlling  deformation 
mechanism  within  this  higher  homologous  temperature  regime.  However,  for  constitutive 
modeling  purposes  in  this  effort  an  appropriate  Dorn  constant  will  be  selected,  assuming  a 
linear  relationship  between  stress  and  strain-rate  (i.e.  n  =  1). 

-3*1 

The  second  regime  occurs  during  transition  from  intermediate  to  high  (i.e.  10  s'  ) 
applied  CSRs,  the  rate  controlling  deformation  mechanism  of  viscous  creep  changes  to  one  of 
dislocation  climb  controlled  creep  at  temperatures  of  0.75  Tm  and  above.  Correspondingly,  the 
stress  sensitivity  exponent  increases  from  a  value  of  around  3  to  5.  Similar  investigations  into 
this  material  system  conducted  recently  by  Lee  et  al.  [17]  and  by  other  researchers  [18-20], 
support  these  findings.  In  figure  4a,  an  Arrhenius  rate  plot  of  true  strain-rate  vs.  the  inverse  of 
temperature  shows  that  the  experimentally  determined  activation  energies  of  deformation  for 
the  low,  147  kJ  mol'1,  and  high,  1 53  kJ  mol'1,  stress  regions  of  Al-5Mg  are  both  energetically 
similar  to  the  value  for  Al  lattice  self-diffiisivity,  142  kJ  mol  This  equivalency  is  expected  if 
viscous  creep  and  dislocation  climb  controlled  creep  are  rate-controlling  in  the  intermediate 
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and  high  stress  regions,  respectively  [21]  (The  more  exact  Darken  diffusivity  for  viscous  creep 
in  Mg-atom  locked  dislocation  glide  is  not  available.). 

A1  6090/SiC/25p  Neat  Laver  Characterization 

The  apparent  stress  exponent,  n,  of  the  MMC  neat  material  can  be  characterized  as  a 
transition  from  a  value  of  7  to  5  with  increasing  test  temperature  (i.e.  500°C,  0.88  Tm  to 
560°C,  0.95  Tm)  within  a  CSR  window  of  10'2  to  10'1  s'1  as  seen  in  figure  5.  Furthermore,  an 
apparent  approach  to  a  internal  stress  dominated  deformation  condition  was  observed  at  higher 
test  temperatures  and  relatively  low  applied  CSRs  (i.e.  10‘2  s’1).  Also,  in  figure  4b,  the 
apparent  activation  energy  for  deformation  was  determined  from  a  typical  Arrhenius  plot  with 
a  value  of  approximately  356  kJ  mol'1.  This  value  is  simply  too  high  for  any  diffusion-related 
correlation  in  an  aluminum  matrix.  Thus,  in  order  to  constitutively  model  the  mechanical 
behavior  of  the  MMC,  the  true  mechanistic  information  must  be  isolated  from  the  apparent 
stress  sensitivity  exponents  and  also  the  apparent  activation  energy  of  deformation  by 
removing  the  effects  related  to  the  internal  stress  state.  The  numerical  and  experimental 
procedures  of  such  a  process  have  been  addressed  by  Pandey  et  al.  [22], 

Using  this  methodology,  the  true  stress  sensitivity  exponent  was  determined  to  have  a 
magnitude  of  3  indicative  of  a  rate  controlling  viscous  creep  deformation  mechanism.  This 
conclusion  was  substantiated  with  TEM  results  where  significant  intragranular  dislocation 
activity  was  observed  and  there  was  no  evidence  of  subgrains.  Moreover,  the  true  activation 
energy  for  deformation,  which  was  obtained  by  reanalyzing  the  primary  data  in  terms  of  an 
effective  stress  (i.e.  the  applied  stress  minus  the  structure  dependent  back  stress),  was 
determined  to  be  equal  to  156  kJ  mol1  which  compares  favorably  with  that  reported  in  the 
previous  section  for  Al  self-diffusivity.  This  conclusion  also  supports  viscous  creep  as  being 
the  operative  rate  controlling  mechanism  within  the  Al  MMC  neat  layers. 
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Modeling  High  Temperature  Deformation 


This  section  will  concentrate  on  discussing  the  necessary  constitutive  equations  which 
govern  the  deformation  behavior  of  the  neat  materials  as  well  as  that  of  the  laminated 
structure.  At  relatively  high  homologous  temperatures,  typically  above  0.5  Tm,  the  rate  of 
deformation  as  a  function  of  applied  stress,  a,  can  be  expressed,  as  a  function  of  the  strain  rate, 
6 ,  as: 


S  0C| 


(of  (1) 

which  is  the  basis  for  power-law  controlled  creep  or  deformation  where  n  is  the  stress 
sensitivity  exponent.  Mukherjee  et  ctl.  [23]  used  this  proportionality  to  advance  the  accepted 
semi-empirical  constitutive  equation  for  power-law  deformation,  as  follows: 


(2) 


where  G  is  temperature  sensitive  shear  modulus,  b  the  Burger's  vector,  Do  is  the  pre¬ 
exponential  diffusivity  term,  k  is  Boltzmann's  constant,  T  is  the  absolute  temperature,  d  is  the 
linear  grain  size,  p  is  the  grain  size  exponent,  Q  is  the  apparent  activation  energy  for 
deformation,  R  is  the  universal  gas  constant  and  A  is  the  mechanism  dependent  structure 
constant. 

The  validity  of  using  Eqn.  2  as  a  predictive  constitutive  equation  has  been  addressed 
elsewhere  [24-26],  Moreover,  it  is  accepted  that  the  magnitude  of  the  apparent  activation 
energy  for  deformation,  Q,  will  be  equivalent  to  the  activation  energy  for  either  self-diffusivity 
of  atoms  along  the  grain  boundaries  or  through  the  lattice  depending  on  the  specific 
micromechanism.  Correspondingly,  if  micrograin  superplasticity  is  operative,  then  the  grain 
size  exponent,  p,  will  typically  correlate  ranging  from  3  to  2,  depending  upon  whether  grain 
boundary  or  lattice  diffusivity  is  rate  controlling,  respectably.  For  dislocation  climb  controlled 
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creep  or  viscous  glide  (i.e.  alloy)  creep,  the  p  exponent  in  eqn.  2  is  typically  accepted  to  have  a 
value  of  zero. 

A  modified  version  of  eqn.  2,  using  the  concept  of  an  effective  stress,  was  put  forth  by 
Ashby  and  Verrall  [27]  to  explain  results  regarding  an  apparent  threshold  stress  which  acts  to 
resist  deformation  due  to  the  applied  stress  during  difFusionally  accommodated  superplastic 
flow.  Thus,  the  effective  stress,  ceff,  can  be  given  as: 

® eff  ~  (p a  ~  ® o)  (^) 


where  aa  is  the  applied  stress  and  the  a0  is  the  threshold  stress.  A  concise  discussion  in 
regards  to  the  nature  and  origin  of  the  threshold  stress  has  been  put  forth  in  a  review  by 
Gibeling  and  Nix  [28],  Note  that  the  determination  of  the  threshold  stress,  a0,  in  eqn.  3  can  be 
determined  by  a  numerical  extrapolation  method  originally  prescribed  by  Lagneborg  [29]  and 
later  advanced  by  Mohamed  [30],  Thus,  by  replacing  a  in  eqn.  2  with  aeff  from  eqn.  3,  the 
resultant  constitutive  equation  is,  as  follows: 


8  =  A 


GbDp\ 

kT  J 


G 


n 


(4) 


This  constitutive  relationship  has  been  shown  to  predict  reasonably  the  mechanical 
behavior  of  dispersion-strengthened  materials  [22,  31-33]  within  the  power-law  creep 
controlled  deformation  region.  The  method  of  using  effective  stress  values  rather  than  applied 
stress  values  when  an  apparent  threshold  stress  is  determined  to  be  significant  aides  in 
determining  realistic  activation  energies  and  stress  exponent  values  [34],  The  recent  works  of 
Bieler  et  al.  [35]  and  an  overview  by  Mishra  et  al.  [36]  have  shed  significantly  more 
information  on  this  particular  area. 
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Constitutive  Modeling  of  Laminated  Metal  Composites 


Using  the  results  and  constitutive  relations  previously  discussed,  the  primary  focus  of 
this  section  will  be  to  present  a  theoretical  model  for  micromechanistically  predicting  the 
response  to  an  applied  stress  by  the  laminated  structure.  First,  the  following  assumptions  will 
be  considered: 

a)  the  laminated  structure  will  be  loaded  such  that  the  all  of  the  individual  layers 
are  acted  upon  by  an  applied  force  in  a  parallel  configuration, 

b)  isostrain  and  correspondingly  isostrain-rate  conditions  will  apply  continuously 
throughout  the  entire  deformation  process, 

c)  load  sharing  to  maintain  the  previous  assumption  will  occur  within  the  LMC 
where  the  elastically  stiffer  layers  will  accumulate  a  larger  portion  of  the  total 
applied  load  in  order  to  maintain  strain  compatibility, 

d)  the  initial  volume  fractions  of  each  neat  phase  within  the  deforming  gage 
volume  will  not  vary  as  a  function  of  strain  accumulation. 

Thus,  given  the  above  set  of  limits,  it  would  be  reasonable  to  expect  that  a  LMC  would  exhibit 
a  rule-of-mixtures  or  weighted  average  effect  of  mechanical  behavior  attributed  to  that 
associated  with  each  neat  layer  under  similar  deformation  conditions.  This  can  be  visualized  by 
considering  the  issue  of  strain  compatibility  where  the  elastically  stiffer  layer  will  accumulate  a 
greater  share  of  the  overall  applied  load.  If  however,  the  flow  stress  in  either  laminate  layer 
are  similar  at  a  given  applied  strain  rate,  then  high  stress  concentrations  in  the  stiffer  layer  or 
phase  will  tend  to  be  relaxed.  Thus,  the  tendency  for  premature  failure  due  to  stress  assisted 
cavitation  will  be  lessened,  as  addressed  in  depth  by  Kashyap  and  Mukherjee  [37]  as  well  as  by 
others  [38,  39], 
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By  considering  the  laminate  layers  as  two  separate  phases  of  the  composite  structure 
loaded  axially,  it  is  expected  that  the  operative  rate  controlling  mechanism  is  equivalent  to  that 
determined  for  its  monolithic  component  deformed  under  identical  conditions.  Therefore, 
using  principles  discussed  in  a  review  by  Lilholt  [40]  for  load  sharing  and  correspondingly 
stress  sharing  under  elastically  loaded  isostrain  conditions,  the  stress  of  the  composite,  ^lmc, 
can  be  written  as: 

GIMC={V4C!)\a!loy+{v'G)\MMC  ($) 

The  volume  fractions  of  the  neat  layers  which  correspond  to  the  elastically  softer  and 
elastically  stiffer  (i.e.  Valloy  and  VMMc,  respectively)  are  representative  of  the  entire  LMC  and 
given  as: 

Valloy +vMMC  =  l  (6) 

In  figure  6,  a  schematic  representation  of  this  model  is  presented.  The  approach  to  modeling 
the  deformation  behavior  of  the  LMC  is  similar  to  that  originally  presented  by  McDanels  [41] 
for  creep  of  an  unidirectional  continuous-fiber  composite  and  later  advanced  by  Kelly  and 
Street  [42,  43]  and  more  recently  by  Goto  and  McClean  [44-46].  The  composite  model 
considered  in  this  treatment  is  similar  to  the  condition  where  both  the  reinforced  fibers  and  the 
matrix  phase  deform  by  power-law  creep.  We  consider  the  reinforcement  fibers  in  the 
previous  models  to  be  equivalent  to  the  MMC  layers  of  our  prototype  LMC.  As  shown  in 
figure  7,  the  response  of  the  laminated  structure  to  an  applied  constant  strain-rate  can  be 
modeled  with  eqn.  5  using  the  constitutive  predictions  of  the  alloy  and  MMC  neat  structures 
under  independent  and  identical  conditions  from  eqn.s  2  and  4,  respectively.  The  constitutive 
predictions  for  the  deformation  response  of  the  LMC  and  the  two  neat  materials  at  both  490°C 
and  550°C  are  presented  in  this  figure  with  experimental  results.  From  this  figure,  it  is  clearly 
evident  that  the  isostrain  model  presented  in  this  work  can  be  used  to  reasonably  and 
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constitutively  predict  the  high  temperature  mechanical  behavior  of  Al-matrix  laminated  metal 
composites. 

CONCLUSIONS 

By  a  priori  characterization  of  the  high  temperature  mechanical  behavior  of  the 
individual  layer  materials  which  comprise  the  laminated  structure  of  interest,  a  model  which 
accounts  for  load  sharing  between  the  elastically  stiffer  and  softer  layers  during  isostrain 
deformation  has  been  presented  and  experimentally  verified. 
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Table  1 .  Neat  Layer  Chemical  Composition. 


Element 

A1  5182 

A1 6090/SiC/25p 

{Al-5Mg} 

{MMC} 

(wt.%)  ±  0.005 

(wt.%)  ±  0.005 

Mg 

5.245 

0.480 

Si 

0.018 

1.620 

Cr 

0.030 

0.150 

Mn 

0.285 

0.025 

Fe 

0.030 

0.785 

Cu 

0.025 

0.340 

Zn 

Below  MDL 

Below  MDL 

A1 

Balance 

Balance 
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Figure  1.  Representation  of  LMC  Microstructure. 
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Figure  2.  Neat  Microstructures  for  a.)  Al-5Mg  and  b.)  A1 MMC  Layer  Materials. 
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Figure  4.  Arrhenius  Plots  to  Determine  Apparent  Activation  Energies  of  the  a.)  Al-5Mg 
and  b.)  A1 MMC  Neat  Materials. 
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Figure  6.  Schematic  Model  of  Isostrain  Loading  Configuration  for  the  Laminate. 
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Figure  7.  Deformation  Modeling  of  the  LMC  using  the  Constitutive  Relations  for  the 
Neat  Materials  Deformed  Under  Equivalent  Conditions  and  the  Load  Sharing 
Model  at  a.)  490°C  and  b.)  550°C. 
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